Hypothalamic-pituitary-adrenal NICU Neonatal intensive care unit AIM The neonatal intensive care unit (NICU) provides life-saving medical care for an increasing number of newborn infants each year. NICU care, while lifesaving, does have attendant consequences which can include repeated activation of the stress response and reduced maternal interaction, with possible negative long-term impacts on brain development. Here we present a neuroscientific framework for considering the impact of music on neurodevelopment in the NICU of infants born preterm and evaluate current literature on the use of music with this population to determine what is most reliably known of the physiological effects of music interventions.
Preterm birth is increasing in the USA and the associated neurodevelopmental consequences are a leading cause of cognitive impairment in children. 1, 2 Recent neuroimaging of children born preterm has revealed disruptions in specific neural structures, including reduced volume in the thalamus, hippocampus, and orbitofrontal lobe, 1 as well as altered functional connectivity in frontostriatal pathways. 3 Similar structural abnormalities and chronic cognitive deficits are shown to affect individuals well into adolescence and early adulthood. [4] [5] [6] Although such consequences of preterm birth may be caused by biological factors over which caregivers have little control, it is worth considering whether the environment of many of these infants, the neonatal intensive care unit (NICU), contributes to the severity of such outcomes. In the USA, the NICU is where this population is cared for, for days to months, until stable enough for discharge. These medical units save lives, but also remain very different from the intrauterine environment. Despite major institutional improvements over the past 20 years to reduce stress on these infants, unpredictable noises, sleep interruptions, and invasive (albeit necessary) procedures such as heel pricks, injections, and endotracheal suctioning typify time here. 7, 8 One review found individual patients in the NICU underwent an average of 7.5 to 17.3 invasive procedures per day for several weeks to months. 7 Music could provide a non-invasive way to moderate some of this unavoidable activation of the stress response in neonates in the NICU. This idea is motivated by anthropological investigations and several lines of research. Across cultures, music is used to soothe infants through lullabies. 9 Biologically, music modulates b-endorphins in infants born preterm, 10 cortisol levels in 6-month-old infants, 11 and research has shown that maternal lullabies are more effective than maternal speech in lowering arousal in 10-month-old infants following a stressor. 12 This paper therefore aims to examine further what is most credibly known about how music impacts neonates. Although several other authors have undertaken similar literature reviews on this topic, we examine the subject from a neuroscientific perspective to: (1) theorize what the biological mechanisms involved may be, (2) review a selection of relevant, methodologically rigorous studies, and (3) discuss how music might be leveraged specifically for better neurodevelopmental outcomes.
BACKGROUND
To understand the potential biological effects of music, a closer look at how early experiences in the NICU might affect neurodevelopmental outcomes is in order. First and foremost, such events are occurring at a time of rapid brain development. This involves the formation of neuronal connections, including dendritic spine development, synaptogenesis, axon myelination, and crucial cortical folding of the neocortex. 13 Importantly, developmental changes are not wholly determined by intrinsic prenatal biological factors, but by postnatal experience as well. For example, while axonal guidance and rate of myelination may be largely under genetic control, the particular connections that are retained versus pruned (and the final degree of myelination) are thought to be primarily influenced by environment.
The second aspect of early intensive care relevant to neurodevelopment is the inclusion of events likely to trigger the stress response, which in turn may have both acute and long-term biological repercussions. Stress activates the sympathetic arm of the autonomic nervous system, along with the hypothalamic-pituitary-adrenal (HPA) axis of the endocrine system, preparing the body for Cannon's famous 'fight or flight'.
14 However, these two systems operate along different timelines. The sympathetic nervous system generates a rapid response through its production of adrenaline, while the HPA axis produces a prolonged response through steroid stress hormones (e.g. cortisol). Although we are still learning the full physiological consequences of these processes, known aspects include acute increases in heart rate and respiration, mobilization of energy for short-term muscular action (e.g. through increases in circulating glucose), and reduced channeling of resources into long-term processes including digestion and growth. Such responses are adaptive in the context of mammalian evolution, where an animal must rapidly confront a sudden threat and can afford a transient diversion of energy from 'long-term projects' (like growth) for immediate survival. 15 But these same physiological responses serve little purpose in the newborn infant (who can neither fight nor flee), and may divert energy from crucial brain development. In this regard it is worth recalling that the brain is an energy-hungry organ, which consumes nearly 20% of the body's energy. 16 The third aspect of the NICU that may impact neurodevelopment is the restriction of parental access often necessitated by the infant's fragile status and/or life-supporting equipment. Animal research is revealing that maternal presence and attention during early critical periods have profound long-term implications. For example, early social contact between mothers and infants (e.g. rat pup licking by the mother) has a lasting impact on the physiological stress response. 17 Animals that experience more social contact from a caregiver within the first days of life have a less reactive stress-response system in adulthood (e.g. quicker return to baseline cortisol levels), regardless -and often in opposition -of hereditary trends. This is thought to stem from epigenetic modification to genes related to stress hormone receptors (e.g. through DNA [de]methylation). 18 Thus animal work suggests that early cues communicating positive social contact with a caregiver may have long-term neurodevelopmental benefits.
Of chief concern, therefore, is how the confluence of these factors (i.e. a recurrent stress response during a period of rapid brain growth, with diminished parental presence) may impact neural function and development. Animal research has revealed that frequent activation of the stress response leads to persistently elevated levels of glucocorticoids (such as cortisol) able to cross the bloodbrain barrier and generate neuroplastic changes in neural structures with complementary receptors. Such studies have also revealed persistently elevated cortisol can lead to suppression of certain growth hormones, interactions with certain genes (e.g. FKBP5), 25 and changes in brain tissue. Dendritic atrophy, loss of excitatory synapses in the hippocampus and prefrontal cortex, increases in the number of dendrites and synaptic spines in the amygdala, and even neuronal death have all been noted in such work. 19 These changes are associated with persistent dysregulation of the adult stress response. Such findings are relevant to human cognitive processes involving analogous brain structures (e.g. memory, attention, and fear/anxiety, via the hippocampus, prefrontal cortex, and amygdala respectively). Work on human infants is now showing a very similar trend, with regular incidence of neonatal stress and pain in those born preterm or of low birthweight demonstrating long-term changes in basal cortisol levels and glucocorticoid receptors in various neural structures. 20, 21 Functional cortical activity, cortical thickness, white matter development, and visuospatial abilities have also shown significant negative impacts well into childhood for those who have undergone pain-related stress from repeated procedures. [22] [23] [24] Such changes may reflect a direct molecular impact of early recurrent exposure to such hormones, or, as mentioned previously, epigenetic alterations.
Therefore, if time in the NICU leads to frequent activation of the stress response, and this in turn can impact brain development (e.g. via stress-hormone-induced reductions in neuronal and synaptic growth, or even epigenetically through demethylation of genes), then reducing HPA activation in these infants is clearly of importance. Understanding this, researchers and medical staff have been What this paper adds
• Provides a neuroscience framework for considering how music might attenuate stress in neonatal intensive care unit (NICU) infants.
• Considers how repeated stress may cause negative neurodevelopmental impacts in infants born preterm.
• Posits epigenetics can serve as a mechanistic pathway for music moderating the stress response.
Reviewactively pursuing stress reduction measures for many years. The modern NICU is a very different place to what it was 20 years ago, with most facilities adopting formal recommendations on noise reduction, low and timed lighting, limited touch times, grouped procedures, and other protocols designed to limit overstimulation, pain, and stress.
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WHY MIGHT MUSIC HELP?
Music may help ameliorate some of the negative effects of the NICU experience on brain development in several ways: by abating the stress response, by providing a signal of positive social contact, and by offering a form of environmental enrichment. Of course, questions about music's impact on neonates in the NICU would be moot if newborn infant brains have not developed sufficiently to process musical stimuli. Current evidence suggests, however, that neonatal, and even fetal, brains have basic music-processing capacities. The auditory system begins functioning as early as 24 gestational weeks, and unborn infants experience and react to a range of external sounds (including the mother's voice and ambient music) well before birth. 29 Full auditory neurodevelopment is admittedly a protracted process extending into adolescence, including gradual enhancements in the ability to discriminate between sounds on the basis of intensity, frequency, and duration.
31,32
Nevertheless, evidence suggests music can be processed, and even learned, to a surprising degree by fetal infants and neonates. For example, newborn infants react to melodies regularly heard by the mother at 29 to 37 gestational weeks (while the infant was in the womb), but not to unfamiliar similar melodies, or even the familiar melodies played backwards. 30 Further, functional magnetic resonance imaging studies reveal neonates have a degree of cerebral lateralization in cortical responses to music reminiscent of those in adults. 33, 63 Thus, even though the cerebral cortex of neonates is immature in many ways, it does appear capable of many aspects of musical processing.
Yet even if newborn infants are able to recognize music and discriminate it from other sounds (e.g. speech or noise), are they responding to it physiologically? Studies showing that music can attenuate the stress response in children and adults, [34] [35] [36] [37] conceivably might not be generalizable to newborn infants, who have minimal musical enculturation. According to current theorizing, however, some physiological responses to music are present at birth or develop very quickly after birth, including reactions to basic rhythmic and pitch patterns. 34, 39 That some of these mechanisms may be functional at birth is consistent with observations that the limbic system (which is richly involved in mediating physiological responses to music) 39 is well developed in neonates. 40 Thus, if newborn infants can respond physiologically to music, then on the basis of parallels with research in infants and adults, such responses could help attenuate stress trigged by time spent in intensive care.
Music may also offer a way to deliver social support to infants in the NICU in a non-invasive manner. In the context of human evolution, the sound of singing nearby was probably a social signal associated with overall safety and the presence of a caregiver. 41 Of course, one of the more powerful social cues newborn infants can receive is gentle touch, which actively demonstrates a caregiver is at hand. 42, 43 For infants in the NICU, frequent physical contact may be difficult, however, owing to medical devices for physiological support and/or monitoring. Music may therefore provide a surrogate supportive social signal. A few researchers have investigated this in the context of 'attachment theory' 44 and maternal 'attunement', finding that parental music can improve bonding in infant-parent dyads, lower parental stress levels, improve infant hospital outcomes, and support social development. [45] [46] [47] These authors and others have suggested the maternal voice may be activating the infant's polyvagal response, 48 meaning such a supportive signal might have lasting neurodevelopmental impact through direct physiological pathways such as corticotropin-releasing-factor neurons, an important component of the HPA axis, 49 or via the epigenetic mechanisms previously mentioned.
In addition to abating the stress response and serving as a social signal, music may also provide a form of environmental enrichment. As mammals that use sound (i.e. speech) as our primary communication medium, humans have nervous systems specially tuned to perceive structured auditory patterns early in life, for example to help scaffold language development. 51, 52 Music may provide a way to deliver structured patterns to the developing brain, which could in turn lead to neurodevelopmental benefits. Even 'simple music' such as lullabies are far more structured than the panoply of noise possible in the NICU, and thus might provide a form of early sensory enrichment for the developing brain.
9,54 Once again, animal studies provide an interesting model. In now classic research, young rats reared in an environment rich in structured sensory stimulation, as adults had larger cerebral volumes than those in sensory-impoverished environments early on. 53 These increased volumes reflect, in part, more dendritic branching, spines, and more synapses overall. 55 
REVIEW OF RELEVANT, METHODOLOGICALLY RIGOROUS STUDIES
On the basis of the conceptual framework developed in the introduction, future research needs to quantitatively and mechanistically examine relationships between musical exposure in the NICU, stress measures at that time, and, most importantly, later neurodevelopmental markers. Although such work has yet to be performed, one can consult the existing literature for evidence that music, at least acutely, impacts neonatal physiology in ways relevant to the stress response. If enough evidence exists, we hope this will help motivate experimental work on the long-term neurodevelopmental effects of music in the NICU.
The existing body of research on the short-term responses of neonates to music comes from the field of music therapy (see Standley et al. for one historical overview). 73 The American Music Therapy Association defines music therapy as 'the clinical and evidence-based use of music interventions to accomplish individualized goals within a therapeutic relationship by a credentialed professional'. 57 Some NICUs have been using music-based interventions for over 35 years, and the method is the topic of numerous research articles. Such work typically examines physiological (e.g. blood oxygen saturation and growth rate) or behavioral measures (e.g. pain response or states of arousal) in infants born preterm who have been exposed to music, no music, or control stimuli. Many of these measures are relevant and/or related to the stress response, and thus this literature is just beginning to provide insights into whether music moderates acute HPA activation directly (or through other related pathways such as the corticotropin-releasing-factor neurons or the polyvagal response) in neonates. Unfortunately, these studies vary considerably in methodological rigor and even outcome (some showing effects, others not), making definitive conclusions difficult. Methodological variability and major differences in dependent variables create particular challenges for meta-analyses; although some authors have undertaken them, only to reach opposing conclusions. [58] [59] [60] [61] Hartling et al., the authors of one such study, describe how 'the heterogeneity in study populations, interventions, and outcomes precludes definitive conclusions'. 59 After reviewing the literature, we agree that the wide inconsistencies of the experimental variables and methodologies currently precludes a meta-analysis.
Thus, in an effort to examine this literature in a manner that was (1) relevant to stress and neurodevelopment, (2) concerned with methodological rigor, and (3) not hindered by the heterogeneities of the sample, we chose a systemic review of the literature on neonatal responses to music from the 1980s to the present day (n=72). Notably, of these studies, 57 (~80%) showed measurable effects. Forty-seven examined infants specifically in the NICU, and, of these, 36 (~77%) showed a measurable behavioral or physiological effect. When isolating those NICU studies using more than a single session of musical intervention, the incidence of significant effects rose to 82%, implying greater efficacy after multiple presentations, or perhaps a cumulative impact. Yet even this impressive incidence rate does not adequately address whether music affects stress-related physiological responses in neonates, because it does not consider the scientific rigor of the studies, nor the magnitude of music's physiological impact. Therefore, to consider the existing evidence more properly, we selected the 10 most experimentally stringent studies to highlight the most well-supported data available. The next section provides a brief summary of the selection process of those 10 studies and what is most credibly known about short-term physiological responses of neonates to music from them. Our paper closes with a conclusion offering suggestions on how future studies might best be structured to make strides on questions surrounding neonates, stress, and music.
SELECTION OF STUDIES AND OVERVIEW OF FINDINGS
The literature search for this article was primarily internet based, utilizing three academic search engines: Google Scholar, PubMed, and American Psychological Association's PsycNet/Info. A list of search terms and phrases was compiled to focus on the general topics of 'neonates' and 'music'. The same list of terms was used in all three engines. Approximately 200 likely articles were collected. All animal model studies, basic auditory work, literature reviews, theses, and meta-analyses were set aside for use as reference materials where needed. Studies not directly attainable in an English translation were also withdrawn. The final grouping of roughly 140 scientific papers was then read. The 72 papers of most relevance to the topic were comprehensively entered into a spreadsheet designed for methodological evaluation. All dependent and independent variables, sample sizes, control methods, music types, durations, and frequencies of intervention, along with other essential information were input for ranking and comparison (see Table I ). Methodological rigor was scored individually through a range of experimental considerations such as double-blinding, appropriateness of control/comparison variables/groups, and statistical methods used. Ultimately, after a gradual process of rereading and consideration of comparative rankings, the 10 most methodologically stringent and relevant works were selected. No study was weighted differently or rejected on the basis of results or effect size; the intent was to establish what data were most reliable. It was noted towards the end of this process that nearly all articles in the upper quartile were NICU based. Thus it seemed appropriate to focus our article specifically on these more rigorous studies and the NICU environment. The 10 methodologically strongest studies, along with their relative strengths and weaknesses, and effect size where possible, were organized for presentation here (see Table I ).
It should be stated that none of the studies discussed below were undertaken with neuroscience or brain development as their main focus. There are a few important exceptions within the larger literature of newborn infant responses to music (although not NICU studies), including Sakatani et al. (utilizing near-infrared spectroscopy), 62 Koelsch (using electroencephalography), 39 and Perani et al. (with functional magnetic resonance imaging). 63 It should also be noted that most of the reviewed studies did not fit the formal definition of 'music therapy' because often commercially recorded songs were used without 'a therapeutic relationship by a credentialed professional'. 57 Except for the professionally guided live music interventions used in the studies of Loewy 45 and Arnon et al., 64 it would perhaps be more accurate to describe the independent variables of these studies as 'musical stimuli' as opposed to 'music therapy'. These stimuli varied widely from classical recorded works of Mozart to regional Arabic lullabies sung by the infant's mother (for considerations of Blinding of medical staff.
Keith et al. 65 Within-participant: significant decrease in HR (p<0.001), RR (p<0.001), and inconsolable episodes (p<0.001). Significant increase in SaO2 (p<0.010).
There was no significant effect for mean arterial pressure. Medical stability, medications, and genetic abnormalities used as screening criteria. Behavioral and physiological measures used.
Music assessed as intervention tested during high-stress event.
Chou et al. 70 Within-participant: participants had significantly higher mean SpO2 after experimental vs control suctioning (p<0.002). Participants also returned to baseline SpO2 in a significantly shorter period (p<0.004). HRV, heart rate variability; NICU, neonatal intensive care unit; REE, resting energy expenditure; Hg, mercury; bpm, beats per min.
Reviewthe most appropriate stimuli for future work, see Conclusion). Nonetheless, we feel the work remains relevant for our purposes given (1) our primary focus is in determining what -if any -are the physiological effects and (2) the stimuli were systematically used with strong consideration for experimental methodology. The statistically significant effects found in this strongest sampling of the literature can loosely be categorized as behavioral or physiological. Behaviorally, 5 of the 10 selected articles found significant impacts between music listening and controls on behavioral measures such as inconsolable crying, 65 arousal/sleep state, 66 general stress behaviors, 67 and reductions in pain responses to an invasive procedure. 10, 68 Two of the studies noted improvements in feeding, specifically caloric intake, 67 or duration between gavage and oral feeding. 56 Physiologically, much of the well-supported data has to do with cardiopulmonary response and function. Five studies in our selection found significant effects relating to heart rate or blood pressure. [64] [65] [66] 68, 69 Three studies demonstrated improvements in respiratory rate, 65, 66, 69 and four showed positive impact on arterial or pulse oximetry oxygen saturation levels. 65, 66, 70, 71 The second grouping of physiological effects dealt with weight gain, an important clinical measure in the NICU. Caine 67 found reductions in initial weight loss, while Lubetzky et al. 71 found resting energy expenditure, a metabolic measure, significantly reduced. Finally, evaluating physiological markers of stress, Qiu et al. 10 found a rise in serum b-endorphins after 2 weeks of a music and touch combination intervention.
As mentioned previously, neither presence nor strength of effects were taken into account when ranking these articles. In fact, many of our most rigorous studies also had dependent measures that did not demonstrate impacts under musical intervention. Qiu et al. 10 did not find any change in salivary cortisol, Butt and Kisilevsky 68 found no improvement in arterial oxygen saturation level, and Keith et al. 65 found no change in arterial pressure. So, although the high rate of positive findings in the literature points towards music's potential to moderate the stress response, these null findings reiterate the need for continued research in this area with greater attention to systematic replication, proper control conditions, and blinding of experimental and hospital staff.
Finally, there is a key aspect to a subset of these studies which is important to highlight. A few research teams have actively tested hypotheses on the mechanisms potentially underlying the effect of music on neonates. Qiu et al. 10 investigated the stress-relieving theory of music via inclusion of cortisol and b-endorphins to determine whether stress hormones are affected. Lubetzky et al.'s use of resting energy expenditure sought to determine whether it is the metabolic processing of calories that is impacted by music. 71 Loewy et al. 66 investigated the hypothesis that music assists infants born preterm in regulating and transitioning from negative behavioral states (e.g. inconsolable crying), enabling a conservation of resources. Finally, Standley's research with the Pacifier Activated Lullaby system has shown that music can be a reward stimulus, and can help neonates reach cognitive behavioral milestones such as the vital suck-swallow reflex. 56 All of these works demonstrate a much-needed focus on determining the potential biological pathways underlying the relationship of music perception and infant physiology.
CONCLUSION
This paper has explored the idea that frequent activation of the stress response and HPA axis in infants born preterm who are undergoing intensive medical care may have a negative impact on neurodevelopment by diverting resources and energy away from brain growth, by impact on neural structures sensitive to stress hormones, and/or by impact over time through epigenetic mechanisms. This idea was coupled with the proposal that music might be an efficacious, non-invasive method for moderating this stress response during a critical period of rapid neural development, and of providing a signal of positive social contact and a form of environmental enrichment.
Focusing on the stress response, although we did not conduct a meta-analysis because of the heterogeneity of the data set, nearly all of the studies reviewed provide support for music having a measurable physiological or behavioral impact. We do feel that further methodologically rigorous and consistent research is essential to make a formal meta-analysis possible and properly determine the size of these potential effects in infants born preterm. The dependent measures for future studies should include not only established physiological measures such as arterial oxygen saturation level, heart rate, and respiratory rate, but objective measures of HPA activation/regulation (e.g. cortisol and b-endorphins) and pain (perhaps through the recently identified nociceptive electroencephalography wave).
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There is also a pressing need to examine the long-term neurodevelopmental outcomes of children who undergo music interventions in the NICU. This could be done by neuroanatomical and behavioral indices known to be associated with neurological preterm birth defects, including cortical gray and white matter volumes, patterns of functional connectivity, measures of language development, incidence of attention-deficit-hyperactivity disorder, and emotional regulation measures. Importantly, because improved infant outcomes are the goal of such work, the impact of music should be measured against other efficacious interventions currently available (e.g. womb sounds, mother's voice, and/or auditory stimuli such as white noise) rather than non-intervention controls. The work of Arnon et al., Loewy et al., and others 64, 66, 74 indicates that the experimental stimuli itself should, if possible, be live music performed by a trained music therapist, since it is probably the safest musical intervention method given the ability to adjust the music to the infant's level of arousal and 'entrain' the musical rhythm to the cardiovascular system, avoiding overstimulation. A trained professional, aware of these recommendations, would probably also select pieces that the infant has been exposed to, are meaningful to the family, and are congruent with their cultural/ ethnic background.
Finally, synergies between different interventions (e.g. music, kangaroo care, massage, sucrose, etc.) are also worth exploring to determine whether combined care is more effective than individual interventions. Emphasis thus remains focused on providing the best possible care, regardless of experimental assignment, a goal that should always be paramount for such work.
